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Based on new insights from two recent coupled-channel analyses of p¯p annihilation together with
pipi-scattering data and of pi−p data, this paper aims at a better understanding of the spin-exotic pi1
resonances in the light meson sector. The Crystal Barrel Collaboration observed the pi1-wave in p¯p
annihilations in flight for the first time with the coupling to pi0η in the reaction p¯p → pi0pi0η with
a sophisticated coupled-channel approach. Another refined coupled-channel analysis of the P- and
D-waves in the piη and piη′ system based on data measured at COMPASS has been performed by
the JPAC group. In that study the two spin-exotic signatures listed in the PDG, the pi1(1400) and
pi1(1600), with a separate coupling to piη and piη
′ can be described by a single pole. In this paper,
both analyses, the one with the three p¯p annihilation channels into pi0pi0η, pi0ηη and K+K−pi0 and
11 different pipi-scattering data sets and the one with the P- and D-wave data in the piη and piη′
systems measured at COMPASS, are subjected to a combined coupled channel analysis. By utilizing
the K-matrix approach and realizing the analyticity via Chew-Mandelstam functions the pi1 wave
can be well described by a single pole for both systems, piη and piη′. The mass and width of the
pi1-pole are measured to be (1561.6 ± 3.0 +6.6−2.6) MeV/c2 and (388.1 ± 5.4 +0.2−14.1) MeV.
I. INTRODUCTION
The picture of pi1 hybrids with spin-exotic quantum
numbers IG(JPC) = 1−(1−+) in the light meson sector
is poorly understood and the experimental indications
of various resonances are controversially discussed.
Lattice calculations [1–3] and phenomenological QCD
studies [4, 5] predict only one state at a mass of 2
GeV/c2 or slightly below. Experimentally, three dif-
ferent resonances with IG(JPC) = 1−(1−+) quantum
numbers are reported. The lightest one, the pi1(1400),
has only been seen in the ηpi decay mode by several
experiments [6–12]. For the pi1(1600) instead, no cou-
pling to ηpi has been found, but it has been observed
in several other channels, namely piη′, ρpi, f1(1285)pi
and b1(1235)pi [13–18]. The third state which has the
poorest evidence, and is thus not listed in the PDG, is
the pi1(2015) probably seen decaying into f1(1285)pi and
b1(1235)pi [16, 17]. A weak point in various of these old
analyses was the extraction of the resonance parameters
by making use of Breit-Wigner parameterizations. The
outcome of a recent analysis likely shed more light
on the understanding of the light pi1 hybrids [19].
Utilizing the N/D method for the dynamics, it turned
out that the pi1(1400) and pi1(1600), with a separate
coupling to piη and piη′ can be described by only one pole.
The Crystal Barrel Collaboration very recently ob-
served the pi1-wave in p¯p annihilations in flight for the
first time with a coupling to piη in the reaction p¯p →
pi0pi0η [20] using a coupled-channel analysis. In the study
presented here, this analysis has been extended by con-
sidering not only the channels p¯p → pi0pi0η, pi0ηη and
K+K−pi0 at a beam momentum of 900 MeV/c and data
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from 11 different pipi-scattering channels but also the P-
and D-waves in the piη and piη′ systems measured at
COMPASS [19]. The dynamics is treated slightly dif-
ferently compared to [21]. The K-matrix approach was
used by taking into account the analyticity with Chew-
Mandelstam functions [22].
II. PARTIAL WAVE ANALYSIS
The partial wave analysis has been performed with the
software package PAWIAN (PArtial Wave Interactive
ANalysis Software) [23] and with the same algorithms
as described in [20].
Description of the p¯p channels: The data used in the
analysis are the three p¯p annihilation channels pi0pi0η,
pi0ηη and K+K−pi0 at a beam momentum of 900 MeV/c
measured with the Crystal Barrel detector at LEAR. The
full description of the reconstruction and event selection
can be found in [20].
The complete reaction chain starting from the p¯p initial
state down to the final state particles is fitted. The de-
scription for the amplitudes of the non-dynamical part
is based on the helicity formalism. The amplitudes are
further expanded into the LS-scheme which guaranties
that also the orbital momentum dependent barrier fac-
tors for the production and the decay can be properly
considered. In addition to pi1pi
0 the sub-channels f0η,
f2η, a0pi
0 and a2pi
0 are contributing to p¯p → pi0pi0η.
The contributing isovector states a0 and a2 exhibit a sim-
ilar decay pattern as the pi1-wave with a strong coupling
to the pi0η system. Therefore it is not straightforward
to properly disentangle these waves from each other. In
this case, the simultaneous fit of the channels pi0ηη and
K+K−pi0 helps considerably. It ensures a strong control
on the production of a0pi
0 and a2pi
0 by directly shar-
ing the relevant amplitudes between the two channels
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2pi0pi0η and K+K−pi0. Apart from the two isolated res-
onances φ(1020) and K∗(892)± which are described by
Breit-Wigner functions the K-matrix formalism with P-
vector approach is used for the dynamics [20].
For each partial wave with defined quantum num-
bers IG(JP ) the mass dependent amplitude F pi (s) is
parametrized as follows:
F pi (s) =
∑
j
(I − K(s) C(s))−1ij · P pj (s), (1)
where i and j represent the two body decay channels like
pipi, piη or K+K−. s is the invariant mass squared of
the respective two body sub-channel. The analyticity is
considered by the Chew-Mandelstam function C(s) [22].
P pj (s) represents one element of the P-vector taking into
account the production process p:
P pj (s) =
∑
α
( βpαp gbareαj
mbareα
2 − s
+
∑
k
cki ·sk
)
·Bl(qj , qαj ), (2)
where βpαp is the complex parameter representing the
strength of the produced resonance α. mbareα is the bare
mass of the resonance α. Bl(qj , qαj ) denotes the Blatt-
Weisskopf barrier factor of the decay channel j with the
angular momentum l, the breakup momentum qj and the
resonance breakup momentum qαj . It is worth mention-
ing that the production barrier factors are already taken
into account separately in the production amplitude as
described in [20]. The s dependent polynomial terms of
the order k with the parameters cki describe background
contributions for the production.
The elements of the K-matrix for the two body scattering
process with angular momentum l are given by
Kij(s) =
∑
α
Bl(qi, qαi) ·
( gbareαi gbareαj
mbareα
2 − s
+ c˜ij
)
·Bl(qj , qαj ),
(3)
where i and j represent the input and output channels,
respectively. The parameters c˜ij stand for the constant
terms of the background contributions, which are allowed
to be added to the K-matrix without violating unitarity.
In addition to the form given in Eq. (3), the K-matrix el-
ements for the description of the f0 wave are multiplied
with an Adler zero term as outlined in detail in [20].
The K-matrix descriptions of the f0-, f2-, ρ-, a0- and
(Kpi)S- waves are the same as described in [20]. A
slightly different K-matrix for the pi1- and a2-wave has
been used:
• the pi1-wave consists of 1 K-matrix pole and the
two channels piη and piη′. Constant background
terms for the K-matrix and the P-vector for the p¯p
channel have been used. Due to the fact that the
t-channel exchange plays an important role for the
pi−p-scattering process, a first order polynomial is
needed for the relevant background terms of these
P-vector elements.
• the K-matrix of the a2-wave is described by two
poles, a2(1320) and a2(1700), and by the 3 channels
piη, piη′ and KK¯. Constant background terms for
the K-matrix are used. No background terms for
the P-vector are needed for the p¯p channels while
also here first order polynomial background terms
are required for the production in pi−p.
This is due to the fact that the COMPASS data are si-
multaneously fitted, which contain not only the piη, but
also the piη′ channel.
Description of the pipi-scattering data: The mass de-
pendent terms of each partial wave of the pipi-scattering
reactions are described by the T-matrix
T (s) = (I − K(s) C(s))−1 K(s), (4)
where s is the total energy squared. For elastic channels
phase and inelasticity are compared with the data. For
inelastic channels, like pipi → ηη, the moduli squared of
the T-matrix are taken. As in [20] the following data
for the I = 0 S- and D-wave and the I = 1 P -wave for
energies below
√
s < 1.9 GeV/c2 were included in the
analysis:
• the phases and inelasticities of the reaction pipi →
pipi for the I = 0 S- and D-wave and for the I = 1
P -wave,
• the intensities of the inelastic channels pipi → KK¯
and pipi → ηη for the I = 0 S- and D-wave and
• the intensity of the inelastic channel pipi → ηη′ for
the I = 0 S-wave.
Description of the COMPASS data: The COMPASS
data are taken from the mass independent analysis of
pip → η(′)pip with a 190 GeV pion beam integrated over
the transferred momentum squared -t1 between 0.1 and
1.0 GeV2 [19]. Only the intensities of the P- and D- wave
and their relative phase for the two channels piη and piη′
are considered. The choice of these waves for the coupled-
channel analysis ensures strong constraints in particular
for the channel pi0pi0η, where large contributions of the
pi1 and a2 waves are found.
The description of the reaction pip→ Rp→ (η(′)pi)p with
R being the produced pi1 or a2 resonances is approxi-
mated via the exchange of a Pomeron with JP = 1−
and an effective transferred momentum squared of teff =
−0.1 GeV2. The fits to the intensities of the COMPASS
data for the P- and D-wave Ipip
piη(′) are described by:
Ipip
piη(′) = p
2J−2
piη(′) · qpiη(′) ·
∣∣Fpip
piη(′)
∣∣2 (5)
where J stands for the spin of the relevant F -vector wave,
qpiη(′) for the piη
(′) breakup momentum representing the
behavior of the phase space for the decay and ppiη(′) is
the pi beam momentum in the piη(′) rest frame. Fpip
piη(′)
and Ppipl are taken as given in Eq. (1) and Eq. (2), re-
spectively. The production barrier factor is considered by
3p2J−2
piη(′) according to [21, 24], where ppiη(′) =
√
λ(s,m2pi,teff )
2·√s
is the production breakup momentum with λ being the
Ka¨lle´n triangle function.
The phases for the pi1 and a2-waves for the channels piη
and piη′ are calculated as defined in Eq. (1) by the phase
angles of the Fpip
piη(′) -vector projected to the relevant chan-
nel.
A combined minimization function is used for the fit,
in which all data sets are considered. While for the
p¯p data the full information of each event in the multi-
dimensional phase space volume is utilized, the other
data sets are provided as one-dimensional data points
with errors. The construction of the complete like-
lihood and minimization function is performed analo-
gously to [20] and described in detail therein.
Detailed studies have shown that the significantly best
fit result is achieved with the same hypothesis which was
also preferred to be the best one in [20].
III. FIT RESULT
Good agreement is achieved between the fit based on
the best hypothesis summarized above and all data sam-
ples. Exemplarily for all p¯p channels, the result for pi0pi0η
is shown in Fig. 1. The invariant pi0η mass as well as the
production and decay angular distribution of the subsys-
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FIG. 1. Invariant mass distribution (upper left) and selected
angular distributions for the production (upper right) and
decay (lower left and right) of the pi0pi0η channel. The red
markers with error bands show the efficiency corrected data
with two entries per event, while the black line represents our
best fit and the colored lines show the individual contributions
of the pi1 and a2 waves.
tems where the a2- and pi1-wave are directly contribut-
ing are very well described. In analogy to [20] also here
a goodness of fit test has been performed for all three
p¯p channels by utilizing a multivariate analysis based on
the concept of statistical energy [25]. The obtained p-
values of 0.287, 0.490 and 0.850 for the channels pi0pi0η,
pi0ηη and K+K−pi0, respectively, demonstrate that the
quality of the fit is as good as the one without consid-
ering the COMPASS data yielding strong constraints for
the pi1- and a2-wave. In pi
0pi0η the contribution of the
pi1-wave with (12.4± 0.4± 6.4)%, of the a2-wave with
(33.6± 0.5± 3.2)% and also of all other waves are in
agreement with the fractions obtained by the fit without
the COMPASS data. Also the individual contributions
in the channels pi0ηη and K+K−pi0 exhibit no significant
differences compared to the old results.
The results for the 11 different pipi-scattering data are
not shown here. However, there are no major differences
visible in comparison to [20].
Fig. 2 summarizes the comparison between the fit and the
COMPASS data. All data can be described remarkably
well. It is worth mentioning that the K-matrix of the pi1-
wave consisting of only one pole can fairly reproduce the
shapes of the intensities in piη and piη′ even though there
is a shift of roughly 200 MeV of the peak position between
both channels (Fig. 2 (upper left) and (lower left)). A sig-
nificantly worse fit result was achieved for the scenario in
which the pi1-wave in the channel p¯p → pi0pi0η has been
removed. The negative log-likelihood increases by more
than 150 with only 20 free parameters less. Similar to the
results obtained in [20] also here the pi1-wave is definitely
needed for this p¯p-annihilation channel. Contrary to the
outcome without the pi1-wave the fit by taking into ac-
count two individual pi1 poles does not yield significantly
worse results. Based on the chosen Bayesian and Akaike
information criteria [20] the two pole scenario cannot be
completely excluded. A summary of all tested hypotheses
with the obtained fit quality can be found in the supple-
mental material.
The pole positions for the individual resonances de-
scribed by the K-matrix are extracted in the complex
energy plane of the T-matrix on the Rieman sheet lo-
cated next to the physical sheet. To some extent also
partial widths have been derived from the residue calcu-
lated from the integral along a closed contour around the
pole. The procedure for the extraction of these proper-
ties and also for the determination of the corresponding
statistical errors based on a numerical procedure are ex-
plained in detail in [20]. The resonance parameters so
obtained are summarized in Tab. I for the pi1 pole and
for the a2(1320) and a2(1700). Apart from a larger width
of more that 400 MeV/c2 achieved for the a2(1700) res-
onance all other masses and widths are in good agree-
ment with [20] and [21]. The absolute coupling strengths
have not been determined because the non-negligible de-
cay channel ρpi is not covered by the fitted data sam-
ples. Instead, the ratios Γpiη′/Γpiη for all three poles and
ΓKK/Γpiη for the a2 resonances have been determined
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FIG. 2. Fits to the ηpi (upper row) and η′pi (lower row) data from COMPASS. The intensities of the P (left), D wave (center),
and their relative phase (right) are shown. The data are represented by the red error bars. The black line illustrates our best
fit to the data, while the yellow and gray bands represent the statistical and systematic uncertainty, respectively.
TABLE I. Obtained masses, total widths and ratios of partial widths for the pole of the spin-exotic pi1-wave and for the two poles
described in the a2-wave, the a2(1320) and the a2(1700). The statistical uncertainty is given by the first and the systematic
uncertainty is provided by the second error.
name pole mass [MeV/c2] pole width [MeV] Γpiη′/Γpiη [%] ΓKK/Γpiη [%]
a2(1320) 1308.7± 0.4 +2.0−4.2 108.6± 0.4 +1.8−12.9 5.4± 0.1 +0.3−0.1 15.2± 0.4 +10.2−3.9
a2(1700) 1669.2± 1.0 +20.2−4.6 429.0± 1.7 +44.4−9.7 9.0± 0.1 +8.2−1.5 11.7± 0.5 +87.8−3.3
pi1 1561.6 ± 3.0 +6.6−2.6 388.1 ± 5.4 +0.2−14.1 646.3± 96.7 +8.3−50.5 –
which should deliver more reasonable results. The quan-
tities for all remaining resonances, the K∗(892), φ(1020),
5 f0-, 4 f2-, 2 a0- and 2 ρ-mesons, are consistent with
the results obtained in [20] and are within the ballpark
of other individual measurements. They are listed in the
supplemental material.
IV. SYSTEMATIC UNCERTAINTIES
The systematic uncertainties are derived from the out-
come of alternative fits which deliver reasonably good
results compared to the one with the best hypothesis
by applying the same criteria as in [20]. Also the im-
pact of varying the start parameters was investigated
and is included in the systematic uncertainties. In ad-
dition the effective transferred momentum squared of
teff = −0.1 GeV 2 for the description of the COMPASS
data has been varied in the range between −0.1 GeV 2
and −0.5 GeV 2. Only slight differences are obtained
which are also considered as systematic errors.
V. CONCLUSION
A coupled-channel analysis of the p¯p annihilation chan-
nels pi0pi0η, pi0ηη and K+K−pi0 measured at Crystal Bar-
rel, of 11 different pipi-scattering data sets and of the P-
and D-waves in the piη and piη′ system measured at COM-
PASS has been performed. The analysis was mainly fo-
cused on the investigation of the spin-exotic IG(JPC)
= 1−(1−+) wave recently observed in the piη system of
the p¯p channel pi0pi0η and in the piη and piη′ system of
the high energy pip-scattering data. For a sophisticated
description of the dynamics the K-matrix approach with
Chew-Mandelstam functions has been used which ensures
an appropriate consideration of analyticity and unitarity
conditions. The fit can reproduce all 20 different data
samples reasonably well. Only one pole is needed for an
appropriate description of the pi1-wave in the two subsys-
tems piη and piη′, but a 2-pole scenario cannot be com-
pletely excluded. The mass and width of this single pi1-
pole are measured to be (1561.6 ± 3.0 +6.6−2.6) MeV/c2 and
(388.1 ± 5.4 +0.2−14.1) MeV, respectively. This result is in
good agreement with [21] even though a slightly different
5description for the dynamics have been chosen. The out-
come of the study here confirms the statement that the
two pi1 resonances listed in the PDG, the pi1(1400) and
pi1(1600), might originate from the same pole.
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